Introduction
Drug-eluting stents represent considerable progress in the percutaneous treatment of coronary artery disease. However, restenosis of stents implanted in the proximal left anterior descending (pLAD) artery remains a clinical challenge. As the pLAD artery supplies ∼ 50% of the left ventricular myocardial blood flow [1, 2] , its occlusion is often associated with worse outcomes than the occlusion of other epicardial coronary arteries [3] , and percutaneous coronary interventions (PCI) on the pLAD are associated with a higher risk of complications than on any other location [2, 4, 5] . Despite the absence of significant differences in the incidence of myocardial infarction and death associated with coronary artery bypass graft (CABG) versus PCI [3, 6, 7] , the latter is followed by a higher incidence of repeat revascularization of the pLAD artery than the former [6] [7] [8] [9] [10] [11] [12] . Consequently, whether PCI or CABG is preferable for patients presenting with pLAD artery disease remains controversial. According to the 2011 guidelines issued by the American College of Cardiology Foundation, the American Heart Association and the Society for Cardiovascular Angiography and Interventions, the grade recommended for the treatment of pLAD artery disease is lower for PCI than for CABG [13] . Therefore, when performing PCI for pLAD artery disease, the risks of postprocedural stent restenosis must be acknowledged and evaluated with particular care. Several factors have been identified in population-based studies, which increase the risk of stent restenosis, including diabetes, stent length and final minimal lumen diameter (MLD) [14] . The angle between the left main trunk (LMT) and the LAD artery, however, has not been described.
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As the mechanism of stent restenosis is different in stented versus nonstented lesions [15] , we separately classified 'in-stent' from 'in-segment' when searching for factors of risk of restenosis and hypothesized that the angulation between LMT and LAD artery has an influence on the development of in-stent or in-segment restenosis, or both. This study examined whether the bifurcation angle of the LAD artery is related to the incidence of restenosis after stent implantation for pLAD artery disease.
Methods Sample population
We analysed the data from 1446 consecutive patients who underwent PCI between December 2008 and September 2013 at Hokkaido Cardiovascular Hospital, Japan. A total of 250 patients underwent stent implantation of the pLAD artery and 177 underwent a follow-up angiography. All patients with stent implantation of the pLAD artery were included irrespective of the distance from the left main bifurcation. We excluded patients who had undergone only balloon angioplasty or had had crossover stenting from the LAD artery to the LMT. The factors that we chose as potential factors of risk of restenosis are listed in the Appendix. Restenosis was defined as at least 50% luminal narrowing on two-dimensional quantitative coronary angiography (QCA) using Stenosis Analysis, version 1.6.259 (GE Medical Systems S.C.S., Buc, France). In-stent restenosis was defined as any luminal narrowing inside the stented segment. Insegment restenosis was defined as any luminal narrowing within 5 mm proximal or distal from the stent edge. This study was approved by an institutional review committee and the patients provided informed consent.
Angles of bifurcations
The left anterior oblique caudal (LAO/CAU) or Spider view is the most effective for visualization of the LMT bifurcation to the LAD and left circumflex (LCX) arteries. As the optimal view of the LMT bifurcation is usually between the LAO and right anterior oblique (RAO) CAU projections [16] , we studied the LMT-LAD angles in the Spider and RAO/CAU views and the LAD-LCX and LMT-LCX angles in the Spider view. These angles of preprocedure were measured three times on end-diastolic frames and the average angles were calculated. The measurements of each angle are shown in Fig. 1 and examples of no restenosis and restenosis are shown in Fig. 2 . In this study, the Spider view was in a LAO 44.2° 1.0°, caudal 32.5° 2.0°projection, and the RAO/CAU view was in a RAO 30.0° 0.9°, caudal 22.0° 2.5°projection. The mean viewing angles of the no-restenosis, in-stent restenosis and in-segment restenosis groups were similar (data not shown).
Definitions
Diabetes mellitus was defined as (a) plasma glucose of at least 126 mg/dl in the fasting state, or (b) at least 200 mg/ dl, 2 h after an oral glucose load, or (c) at least 6.5% plasma haemoglobin A1c, or (d) use of insulin or an oral hypoglycaemic agent. Hypertension was defined as at least 140 mmHg systolic blood pressure, at least 90 mmHg diastolic blood pressure or use of an antihypertensive drug. Dyslipidaemia was defined as at least 220 mg/dl total cholesterol, at least 140 mg/dl low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, at least 150 mg/dl triglyceride or the use of a blood lipid-lowering drug. Chronic kidney disease (CKD) was defined as an estimated glomerular filtration rate of less than 60 ml/min/1.73 m 2 for at least 3 months. A bending lesion was defined as a lesion that has a greater than 60°a ngulation.
Statistical analysis
The data are expressed as means SD. Between-group differences were examined using Student's t-test for continuous variables and χ 2 -test or Fisher exact test for categorical variables. Univariate and multivariate logistic regression analyses were carried out to identify independent factors of risk of total, in-stent and in-segment restenoses. The risk factors for each type of restenosis were identified using univariate and multivariate logistic regression models that included predictors of restenosis by univariate analysis and factors associated with restenotic events in previous publications. Male sex, diabetes, hypertension, dyslipidaemia, CKD, bare-metal stent use, chronic total occlusion, distance between the ostium of the LAD and the proximal edge of the stent, final MLD, high-degree calcification, lesion length, LMT-LAD angle (Spider view) and LMT-LCX angle (Spider view) were entered into the multivariate model. We then entered the LAD-LCX angle (Spider view) or the LMT-LAD angle (RAO/CAU view) in the multivariate model instead of the LMT-LAD angle (Spider view) and compared these. Odds ratio (OR) and 95% confidence intervals (CIs) were calculated to ascertain the significance of the differences. A P-value of less than 0.05 was considered statistically significant. The data were analysed using the SPSS 19.0 statistical system software (IBM Corporation, Armonk, New York, USA).
Results

Clinical observations
The mean follow-up duration was 11.2 6.5 months in the overall population, 11.3 10.9 months in the norestenosis group and 12.3 23.3 months in the restenosis group (NS). During this period, a pLAD artery restenosis was found in 33 of 177 patients (18.6%), of whom 12 had an in-stent restenosis and 21 patients had an in-segment restenosis. The baseline patient characteristics are listed in Table 1 . The mean age of the patients in the two study groups was similar. A higher prevalence of dyslipidaemia was observed in the no-restenosis group (87.5%) than in the restenosis (72.7%) group (P = 0.033). All other clinical characteristics were similar in both groups. The adherence to dual antiplatelet therapy with aspirin and clopidogrel or ticlopidine after stent implantation was 95.8% in the no-restenosis group and 93.9% in the restenosis group (NS).
Lesions, procedural and anatomical characteristics
The lesion, procedural and anatomical characteristics are shown in Table 2 . The distance between the ostium of the LAD and the proximal edge of the stent was significantly longer and the final MLD was significantly smaller in the restenosis group than in the no-restenosis group. The LMT-LAD angle and the LAD-LCX angle in Spider view and the LMT-LAD angle in the RAO/ CAU view were significantly wider in the restenosis group than in the no-restenosis group. The LMT-LCX angle in Spider view was similar in both the restenosis and the no-restenosis group.
We further divided the restenosis group into in-stent and in-segment restenosis groups. The characteristics of in- stent restenosis are shown in Table 3 . Significant risk factors for in-stent restenosis were a narrower final MLD, a longer lesion length and a wider LMT-LAD angle in Spider view, LAD-LCX angle in Spider view and LMT-LAD angle in RAO/CAU view. Table 4 shows the characteristics of in-segment restenosis. Significant risk factors for in-segment restenosis were dyslipidaemia, a longer distance between the ostium of the LAD and the proximal edge of the stent, and a wider LMT-LAD angle (RAO/CAU).
We compared the prevalence of each risk factor in the presence of no restenosis and in the presence of in-stent versus in-segment restenosis (Fig. 1a -h, Supplemental digital content 1, http://links.lww.com/MCA/A74). Dyslipidaemia was most prevalent in the no-restenosis group and was similar in both restenosis groups, whereas the final MLD was significantly wider in the norestenosis group than in both the in-stent and the insegment restenosis groups. The distance between the ostium of the LAD and the proximal edge of the stent was significantly longer in the in-segment restenosis than in the no-restenosis group, whereas the mean lesion length was significantly longer in the in-stent restenosis than in both the other groups. The mean LMT-LAD angle (Spider view) was wider in both restenosis groups than in the no-restenosis group. The mean LMT-LCX angle (Spider view) was similar in all groups, whereas the mean LAD-LCX angle (Spider view) was significantly wider in the in-stent restenosis than in the no-restenosis group. The mean LMT-LAD angle (RAO/CAU) was wider in both the in-stent and the in-segment restenosis groups than in the no-restenosis group.
Univariate and multivariate logistic regression analyses were carried out to determine independent predictors of each type of restenosis (Table 5 ). The administration of statin was related to dyslipidaemia and stent length was related to lesion length. Several factors influence the kissing balloon technique technique, including operator's proficiency, CKD, ST segment elevation myocardial infarction as an indication for PCI, a narrow bifurcation angle and stent platforms [17] . Therefore, we excluded statin administration, stent length and kissing balloon technique from the multivariate analysis.
Independent risk factors of total restenosis were distance between the ostium of the LAD and the proximal edge of the stent, final MLD and LMT-LAD angle (Spider view) ( Table 5 ). Factors that were independently related to in-stent restenosis were final MLD, lesion length and LMT-LAD angle (Spider view) ( Table 6 ). The distance between the ostium of the LAD artery and the proximal edge of the stent was an independent risk factor of insegment restenosis (Table 7) .
By multivariate analysis, the predictors of in-stent and insegment restenosis were distance between the ostium of the LAD and the proximal edge of the stent, final MLD and LMT-LAD angle (RAO/CAU) ( Table 8) . Lesion length was an independent predictor of in-stent restenosis. LMT-LAD angle (RAO/CAU) was an independent predictor of in-segment restenosis, besides distance between ostium of the LAD and the proximal edge of the stent.
When we entered the LAD-LCX angle (Spider view) instead of the LMT-LAD angle (Spider view) in the multivariate analysis, significant predictors of in-stent and in-segment restenosis were (a) distance between ostium of the LAD and the proximal edge of the stent and (b) final MLD (Table 9 ). Although the LAD-LCX angle (Spider view) was a predictor of in-stent restenosis by univariate analysis, it was no longer statistically significant by multivariate analysis. The predictors of instent restenosis were final MLD and lesion length, and the predictor of in-segment restenosis was distance between the ostium of the LAD and the proximal edge of the stent (Table 9 ). These observations suggest that the LMT-LAD angle is a stronger predictor of restenosis after PCI for the pLAD artery than the LAD-LCX angle.
In this multivariate analysis, a greater than 34°L MT-LAD angle (Spider view), which was the mean angle among all patients, was associated with a risk of restenosis expressed as OR 3.48 (95% CI: 1.37-8.85; P = 0.009) and a greater than 20°LMT-LAD angle (RAO/CAU), which was also the mean angle, was associated with a risk of restenosis expressed as OR 3.61 (95% CI: 1.43-9.10; P = 0.006). A final MLD of less than 3.0 mm was associated with an OR 0.12 (95% CI: 0.02-0.87; P = 0.036) and a lesion length of more than 18 mm with an OR 10.13 (95% CI: 1.53-66.96; P = 0.016) for in-stent restenosis. A distance of more than 10 mm between the ostium of the LAD and the proximal edge of the stent was correlated strongly with in-segment restenosis (OR 7.97; 95% CI: 2.12-29.92; P = 0.002). Table 10 shows the patterns of stent restenosis and their mechanisms or causes in our study. Axial geographic miss (AGM) was observed in eight of 12 cases (67%) in the instent restenosis group, whereas in the in-segment restenosis group, longitudinal geographic miss (LGM) was observed in 20 of 21 cases (95%). There was no correlation (r = − 0.237, r 2 = 0.056) between the LMT-LAD and LMT-LCX angles (Spider view). There was, however, a correlation (r = 0.626, r 2 = 0.392) between the LMT-LAD and LAD-LCX angles (Spider view). Therefore, we excluded the LAD-LCX angle from the multivariate analysis when analysing the LMT-LAD angle (Spider view). CI, confidence interval; LAD, left anterior descending; LCX, left circumflex; LMT, left main trunk; MLD, minimal lumen diameter; OR, odds ratio. 
Discussion
The major observations made in this study were as follows: (i) the final MLD, lesion length and LMT-LAD angle were predictors of in-stent restenosis after PCI for pLAD artery disease and (ii) the distance between the ostium of the LAD and the proximal edge of the stent and the LMT-LAD angle were predictors of in-segment restenosis. To the best of our knowledge, this study is the first to (a) show a correlation between the LMT-LAD angle and restenosis in the pLAD artery and (b) compare the LMT-LAD angle with other predictors of restenosis by multivariate analysis. It contributes important anatomical information towards the list of clinical, procedural and angiographic predictors of outcome after PCI for the pLAD artery.
The incidence of stent restenosis after PCI for pLAD artery disease published in the past 10-15 years varies between 4.1 and 24.3% [18] [19] [20] [21] [22] [23] [24] . It remains the most common complication of PCI and a major clinical challenge. As the LMT-LAD angle provides unique information on stented coronary arteries, we hypothesized that it would yield additional anatomical characteristics associated with the incidence of restenosis after implantation of stents in the pLAD.
Comparison with previous measurements of angulation
Our measurements are concordant with the average bifurcation angles reported in previous studies. In this study, the average LMT-LAD, LAD-LCX and LMT-LCX angles in the Spider view measured 34.1° 18.5°, 75.6° 24.5°and 42.8° 20.1°, respectively. Using 64-multislice computed angiographic tomography, Kawasaki et al. [25] reported LMT-LAD, LAD-LCX and LMT-LCX angles averaging 37° 13°, 72° 22°and 59° 21°, respectively, and Rodriguez-Granillo et al. [26] reported a median LAD-LCX angle of 88.5°. In 100 patients with suspected coronary artery disease, Pflederer There was no correlation (r = − 0.180, r 2 = 0.032) between the LMT-LCX angle (Spider view) and the LMT-LAD angle (RAO/CAU view). CAU, caudal; CI, confidence interval; LAD, left anterior descending; LCX, left circumflex; LMT, left main trunk; MLD, minimal lumen diameter; OR, odds ratio; RAO, right anterior oblique. Table 9 Multivariate logistic regression analysis of total, in-stent and in-segment restenosis, including the left anterior descending-left circumflex angle
Total restenosis
In-stent restenosis In-segment restenosis et al. [27] reported an average LAD-LCX angle of 80 27°, and in a postmortem study of 100 human hearts, Reig and Petit [28] reported an average LAD-LCX angle of 86.7° 28.8°. Although there might be an inherent discrepancy between values measured by twodimensional coronary angiogram and the real angles in the three-dimensional space, our data measured in the Spider view are similar to those reported by previous studies.
A wide angulation causes low wall shear stress, atherosclerosis and restenosis
In wide-angled models, large areas of low wall shear stress (WSS) have been observed, particularly in the bifurcation region, which were not present in narrowangled models [26, 29] . In simulated and actual computed tomography (CT) images, Chaichana et al. [29] studied the haemodynamic effects of various angulations of the left coronary artery, and found a direct relationship between the LAD-LCX angle and haemodynamic changes. A low WSS and stress gradient were observed with LAD-LCX angles between 75°and 120°compared with LAD-LCX angles models between 15°and 60°. Some studies observed that wider LAD-LCX angles were prone to atherosclerotic progression at the site of bifurcation. Using CT coronary angiography, Sun and
Cao [30] examined 30 patients suspected of having coronary artery disease and measured a mean LAD-LCX angle of 75.5° 19.8°in patients with normal versus 94° 19.7°in patients with diseased left coronary arteries (P = 0.02). Using high-resolution multislice CT coronary angiography, Rodriguez-Granillo et al. [26] observed that the median LAD-LCX angle was 88.5°, and that 72% of normal vessels had an angle of less than 88.5°, whereas 63% of diseased vessels had an LAD-LCX angle of at least 88.5°(P = 0.018). In our study, the average 84.0° 23.6°of the LAD-LCX angle measured in the Spider view among patients with restenosis was significantly wider (P = 0.040) than the 75.4° 24.5°mea-sured in patients without restenosis. When we used the mean 76°as the cut-off LAD-LCX angle in the univariate analysis, the LAD-LCX angle emerged as a significant predictor of total restenosis (OR, 2.45; 95% CI: 1.12-5.36; P = 0.037). However, by multivariate analysis, the LAD-LCX angle lost its statistical significance (Table 9) . In contrast, when we used 34°as the cut-off value for the LMT-LAD angle, its statistical significance was preserved, even after adjustments for confounding factors, suggesting that (a) the LMT-LAD angle is a more reliable predictor of pLAD artery restenosis than the LAD-LCX angle and (b) a wider LMT-LAD angle is more closely associated with restenosis after stent implantation for pLAD artery disease than a narrower angle. As for LMT-LAD cross-over single stenting, Amemiya et al. [31] also reported that the wide LMT-LAD angle group (>52°) had a higher rate of target lesion revascularization than the narrower angle group.
Mechanisms of proximal LAD artery restenosis Wide angulation
A wide bifurcation angle causes high turbulence and low WSS, which might promote plaque proliferation in bifurcated regions [26, 29, 30, [32] [33] [34] . A low WSS causes abnormal biochemical responses, such as the expression of adhesion molecules, weakening of cell junctions, monocyte deposition, increased permeability to lipids and macrophages and smooth muscle cell proliferation [35, 36] . This inverse correlation between neointimal proliferation and WSS was observed in both in-stent segments and at the edges of the stent [37] .
Geographic miss
Costa et al. [15] evaluated the clinical impact of stent deployment techniques and found that geographic miss was an independent clinical or anatomic risk factor for restenosis and target vessel revascularization. In that study, LGM was defined as an injured or diseased stenotic segment not completely covered by the stent and AGM was defined as potential undersizing or oversizing of the balloon. The patterns of restenosis were classified as (a) focal when length was less than 10 mm, (b) diffuse when restenosis was more than 10 mm inside the stent, (c) proliferative when restenosis was more than 10 mm in length and extending outside the stent and (d) occlusive [38] . Table 10 shows that AGM was observed more in the in-stent restenosis group, whereas in the in-segment restenosis group, LGM was commonly observed. These observations suggest that in-stent restenosis is likely to be induced by AGM, whereas in-segment restenosis is mainly caused by LGM. Both types of geographic miss were often caused by iatrogenic or periprocedural adverse events.
The longer the distance between the ostium of the LAD and the proximal edge of the stent in this study, the higher the incidence of restenosis, particularly insegment restenosis. One might hypothesize that the longer the distance from the ostium of the LAD artery, the higher the likelihood of LGM (caused by, for example, uncovered plaque or balloon injury), which could promote in-segment restenosis, although the relationship between in-segment restenosis and distance from the ostium of the LAD remains controversial.
Coronary artery movement
Konta and Bett [39] studied the relationship between coronary artery movement and mechanical stress, which may lead to the development of atherosclerosis. They found that the compression type of coronary artery movement might play an important role in the progression of coronary artery atherosclerosis and that the pLAD artery was one of the segments where the compressive movement was exerted in the longitudinal direction. During the cardiac cycle, injured or diseased pLAD segments with residual plaques not covered by the stent (LGM) are likely to be exposed to the incessant injuries caused by the edge of the stent because of the compression movement of pLAD artery, which might result in an edge vascular response. Therefore, LGM causes mainly in-segment restenosis and only limited in-stent restenosis (Table 10 ).
Restenosis in the proximal segment
Several studies have reported a higher incidence of restenosis in the proximal than in the distal segments of the stents [40] [41] [42] . In this study, both in-stent and insegment restenosis were likely to occur in the proximal segment of the implanted stent (Table 10 ). In the instent restenosis group, restenosis occurred in the proximal body of a stent in 10 of 12 patients, whereas in the in-segment restenosis group, restenosis was observed in the proximal segment in 19 of 21 patients. These observations support the hypothesis that a wide LMT-LAD angle, which leads to a wide range of low wall shear stress caused by the disturbances of bloodstream in the pLAD artery, plays an important role in the development of restenosis after the treatment of pLAD artery disease, besides geographic miss and coronary artery movement as mechanical risk factors of restenosis, combined with metabolic factors such as diabetes, hypertension and dyslipidaemia.
Other observations
In this study, dyslipidaemia was more prevalent in the no-restenosis group than in the restenosis group by univariate analysis. This result might seem inconsistent as disorders of the lipid metabolism are considered a risk factor for restenosis. However, the high rate of statin administration in this study might explain this discrepancy. Some studies have shown that the administration of statin can cause a significant regression of the coronary plaque volume and is effective in the secondary prevention of coronary artery disease [43, 44] . Statins were administered in 93.7% of patients with abnormal lipids in the no-restenosis group versus 91.7% in the restenosis group (NS).
Although diabetes is a well-known predictor of restenosis after stent implantation, it was not a significant risk factor in this study. This discrepancy was explained by a high rate of diabetes control. The mean plasma haemoglobin A1c in the in-stent restenosis group was 6.7 1.2 versus 6.5 0.4% in the in-segment restenosis group.
Limitations of our study
The sample size of this retrospective, observational study, carried out at a single medical centre, was small. Its results need to be confirmed prospectively in a larger multiple-centre study. Second, we analysed lesion length, final MLD and the distance between the ostium of the LAD and the proximal edge of the stent by QCA because some of the intravascular ultrasound data were missing and unavailable. Our results, therefore, should be confirmed by intravascular ultrasound in a future study. Third, as the angles measured by two-dimensional QCA were not always actual angles, we should also confirm our results by reconstruction of the images on threedimensional QCA or computed tomography. The reason why we selected two-dimensional QCA in this study was that the three-dimensional QCA system was available only in limited facilities.
Clinical implications
Despite these limitations, our study showed that, among several risk factors associated with restenosis of the pLAD artery, patients with a wide LMT-LAD angle were at a higher risk. The LMT-LAD angle provides clinically important information towards the prevention of restenosis as patients with a wide angle should receive more intensive treatments of other risk factors. The distance between the ostium of the LAD and the proximal edge of the stent should be short to completely cover a residual plaque or vascular segment injured by a balloon.
Conclusion
The results of this study suggest that a wide LMT-LAD angle is associated with a higher risk of restenosis after stent implantation for pLAD artery disease.
